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Abstract

Megaherbivores play a central role in the evolution and functioning of ecosystems. In tropical
forests elephant species are some of the few remaining megaherbivores. Through elephant
foraging, nutrients that would be locked in leaves and stems, taking months or years to decay,
are quickly liberated for use. In 10 experimental sites in Kibale National Park, Uganda, we set up
10 pairs of plots (4 × 4 m), each pair involved one treatment, elephant dung addition, and one
control. After 1 y, we quantified growth (height and leaf number) and survival of young light-
demanding (12) and shade-tolerant (19) plant species (439 stems in total). In general, the addi-
tion of elephant dung did not increase seedling growth, and it only increased the number of
leaves in shade-tolerant plants with a large initial number of leaves. Researchers have speculated
that the loss of elephants would shift the composition of African forests to slow-growing
tree species. However, this is not supported by our finding that shows some slow-growing
shade-tolerant plants grewmore new leaves with additional nutrient input from elephant dung,
a condition that would occur if elephant numbers increase.

Introduction

Megaherbivores have been a central part of the Earth’s ecosystems since they started to take on
their current forms (Malhi et al. 2016, Terborgh et al. 2016). Weighing a few hundred to a few
thousand kilograms, these animals require large amounts of food. As such, megaherbivores
create an important selective pressure on plant community diversity (Terborgh et al. 2016), life
history (Grubb 1996) and nutrient cycling (McNaughton et al. 1997, Ripple et al. 2015, Smart
et al. 1985). However, most studies targeting these issues are conducted in ecosystems where
large megafauna are greatly reduced or have disappeared, which complicates interpretation.
For example, humans eradicated most megaherbivores from the Americas over 10 000 years
ago (Gill et al. 2009), which affected biogeochemical cycling and nutrient heterogeneity
(Doughty et al. 2013, Ripple et al. 2015).

Elephant species are one of the few remaining megaherbivores. However, forest elephant
(Loxodonta cyclotis, Matschie, 1900) populations declined by 62% between 2002 and 2011,
its population is now only 10% of what it was historically, and it occupies less than 25% of
its original range (Maisels et al. 2013, Poulsen et al. 2017, Smith et al. 2015). Some classic studies
document the elephant’s role in savanna grassland and woodland ecosystems (Dublin et al.
1990, Guldemond & Van Aarde 2008), but their role in forest ecosystems has not been thor-
oughly evaluated (but see Blake 2003, Blake et al. 2009, Breuer et al. 2016, Poulsen et al. 2018).

While the role of elephant species in forests as seed dispersers has received attention (Blake
et al. 2009, Campos-Arceiz & Blake 2011), their role in nutrient recycling and seedling growth is
not well known. In general, large animals are thought to play an important role in accelerating
ecosystem biogeochemical cycling (McNaughton et al. 1997, Ripple et al. 2015). In savanna sys-
tems, they have been shown to encourage quick nutrient cycling through their foraging
(McNaughton et al. 1997). Soils in tropical rain forests are usually poor, as nutrients are recycled
quickly back into plant materials (Sugihara et al. 2015). Plant growth can therefore be nutrient-
limited and the addition of nitrogen (N), phosphorus (P) and potassium (K) can increase seed-
ling growth (Bloom et al. 1985, Santiago et al. 2012, Wright et al. 2011). For example, in a low-
land tropical forest in Panama, the addition of K enhanced tissue nutrient concentration,
increasing herbivory, reducing root-to-shoot biomass ratio, and increasing height growth, even
under highly shaded conditions (Santiago et al. 2012). African elephants consume on average
from 140–200 kg of food per day and produce about 40 kg of dung daily (Ruggiero 1992).
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Savanna elephant dung has been estimated to contain about 1.3%
N, 0.2% P and 0.6% K. Depending on elephant density, this means
that elephant species potentially provide considerable amounts of
fertilizer with appreciable levels of N, P and K relative to soil levels
(Dougall 1963; the appropriateness of such values from savanna to
forest systems needs to be evaluated).

Our objective was to conduct a controlled plant growth experi-
ment to examine the impact of elephant dung on the growth and
survivorship of young plants in the field. However, different
species have different growth patterns due to differential resource
allocation (Marenco et al. 2001, Santiago et al. 2012, Zanne &
Chapman 2005, Zanne et al. 2005) and recruitment strategies
(Coley 1983). An important distinction exists between light-
demanding and shade-tolerant species: light-demanding species
are better adapted to recruit in gaps and are expected to use
new resources mainly for above-ground growth, while shade-
tolerant seedlings are expected to investmore in roots and defensive
mechanism (e.g. repellents) (Grubb 1977, Richards 1996, Wright
2002). Furthermore, these different strategiesmight vary depending
on the size of a plant (e.g. a small plant might invest more resources
into growth, as opposed to maintenance, than a larger one). To
account for these expected differences in growth patterns, we tested
for the effect of dung treatment on plant growth (height and num-
ber of leaves) and survival over 1 y dependent on the initial size and
type of a plant (light-demanding vs. shade-tolerant).

Materials and methods

Study site and experimental setup

We conducted our study between April 2016 and May 2017 in
Kibale National Park, Uganda (795 km2). Kibale is a mid-altitude
(920–1590 m), moist-evergreen forest that receives an annual
rainfall of 1676 mm (1990–2016) in two rainy seasons
(Chapman & Lambert 2000). Recently, elephant numbers have
risen dramatically in Kibale, faster than possible through births
alone, so there has likely been some migration into the park
(Omeja et al. 2016). Elephant populations in Kibale comprise
three distinct groups: savanna elephants, forest elephants, and
hybrids between the two species (Mondol et al. 2015). Forest
elephants have moved through Uganda in the past (Brooks &
Buss 1962), but they have now settled in Kibale, possibly because
movement through the humanized landscape is no longer pos-
sible and because social groups have been disrupted by poaching
(Keigwin et al. 2016).

In April 2016, we set up 10 pairs of plots (4 × 4 m), each pair
was one treatment and one control, in 10 experimental sites in
an area of old-growth forests. The control plot was placed 15 m
away in a random direction. Each pair of plots were separated
by at least 40 m from one another and at least 10 m away from
any trail, tree fall gap, or other type of disturbance. If the random
direction chosen for the control plot was within 10 m of a trail, tree
fall gap, or other type of disturbance, or if the slope or habitat type
appeared different, we randomly selected a new direction. Dung
from the previous night was collected and placed in the middle
of each 1 × 1-m subplot in the 4 × 4 m experimental plots. The vol-
ume of a typical adult dung pile was estimated to be 7 litres and a
bucket of this volume was used in the collections. At the time of
collection, the elephants were not feeding on any large-seeded
fruits, such as Balanites wilsoniana (Chapman et al. 1992), which
would havemade volumes inappropriate, nor did the dung contain
any large branch segments. The amount of dung placed in the plot

was relatively large, as we wanted to ensure that any potential
effects would be induced on the seedlings.

Within each 4 × 4-m plot, we selected 30 apparently healthy
seedlings between 30 and 100 cm (average height = 63.3 cm) on
an ad hoc basis regardless of species. We measured seedling height
from ground level (clearing fallen leaves) to the tip of the main
stem and counted the number of leaves. We then placed and
secured a labelled tag on the forest floor next to it to enable the
same seedling to be found the next year. In May 2017, we returned
to the plots, located the seedlings, remeasured their height, and
recounted the number of leaves. If the seedling had died, this
was noted and no measurements were made.

Data analyses

For the analysis of plant growth, we considered species either as
light-demanding or shade-tolerant species (Table 1) (Hamilton
1991, Zanne & Chapman 2005, Zanne et al. 2005) and excluded
all plants for which this was unknown. Furthermore, for the growth
analysis, we excluded (1) all plants that died; (2) all plants that lost
more than 2 cm because this is more likely explained by measure-
ment error and damage to the plant (i.e. herbivory) than no
growth; and (3) plants without leaves in the second year because
these plants represented clear outliers of the model residuals. In
total, we were able to include 439 plants. We included between
20 and 27 plants in each of the 10 plots treated with elephant dung
(mean ± SD = 22.3 ± 2.3) and between 12 and 26 plants in each of
the control plots (mean ± SD = 21.6 ± 4.4). These 439 plants
belonged to 31 species: 12 light-demanding and 19 shade-tolerant
species. Considering the distribution of different plant types across
plots, we included 53 light-demanding and 170 shade-tolerant
plants in the experimental plots, and 48 light-demanding and
168 shade-tolerant plants were included in the control plots.

The data set for the analysis of plant survival was slightly differ-
ent. Here, we included plants that died, plants with ‘negative
growth’, and plants that had no foliage in the second year because
we were merely interested whether a plant survived between the
two years. Furthermore, we included plants for which the plant
type was unknown, which was not considered in the analysis of
plant growth. In total, we included 574 plants of 32 species: 289
in the control plots, and 285 in the elephant-dung plots. For each
of the 10 plots treated with elephant dung, we included between 27
and 30 plants (mean ± SD = 28.5 ± 0.97), and for each of the con-
trol plots between 26 and 30 plants (mean ± SD = 28.9 ± 1.37).

We computed mixed models to analyse whether and how the
treatment of plants with elephant dung affected their growth
depending on the type of the plant and the survival of plants in gen-
eral. For growth, we used either height or leaves in 2017 as depen-
dent variables (Measurement2017), and the treatment (control vs.
dung) and type of plant (light vs. shade) as independent variables.
Furthermore, we included either height or number of leaves in
2016 (Measurement2016) as independent variable to control for
differences between plants in initial size/number of leaves.
Because one of our questions was whether treatment affected plant
growth depending on species type, and whether this effect is
dependent on the initial size/number of leaves of the plant, we
tested for the effect of the three-way interaction Treatment:Type:
Measurement2016. Accordingly, the structure of the full model was:

Measurement2017 ~ Treatment + Type + Measurement2016 +
Treatment:Type:Measurement2016 +
Treatment:Type + Treatment:
Measurement2016 + Type:Measurement2016
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With regard to random effects, we included Species and Site as
random intercepts and the random slopes Measurement2016|Site
and Measurement2016|Species to account for differential growth
rates of plant of different species and at different sites (e.g. because
of differences in micro-climate or soil composition).

We calculated all mixed models in R v.3.5.1 using the package
lme4 v1.1-17 (R-Core-Team 2018). We built Gaussian linear
mixed models for growth in height and leaves, and a binomial lin-
ear mixed model for the survival of plants using the lmer and
glmer functions of the lme4 package v1.1-17 (Bates et al. 2014)
in R v.3.5.1. We used Maximum Likelihood (ML) rather
than Restricted Maximum Likelihood (REML) to fit the models
(Bolker et al. 2009). Although leaves represent a count variable,
we did not use a Poisson regression because the number of
leaves in the previous year was included as an independent varia-
ble. Thus, using such a model with a log-link function would have
assumed that the link between the two years is log(Leaves2017) ~
β*Leaves2016 with β the coefficient estimated by the linear model
(all other terms were excluded to simplify the formula). We
considered this as a less reasonable assumption than a linear
relationship in the number of leaves between the two years.
Before running the models, Height2017 and Leaves2017 were both
cube-root transformed to improve the normality of the model
residuals. We also cube-root transformed the same measurement
from the year before (Height2016 and Leaves2016) to maintain the
direct relationships of these variables between the two years.
Furthermore, we standardized Height2016 and Leaves2016 to a mean

Table 1. Species considered as light-demanding or shade-tolerant, for the
analysis of plant growth contrasting areas in Kibale National Park, Uganda,
where elephant dung was added relative to controls (Hamilton 1991, Zanne &
Chapman 2005, Zanne et al. 2005)

Species Functional group

Annonaceae

Monodora myristica Light demanding

Uvariopsis congensis Shade tolerant

Apocynaceae

Funtumia latifolia Shade tolerant

Pleiocarpa pycnantha Shade tolerant

Tabernaemontana sp. Light demanding

Balanitaceae

Balanites wilsoniana Not determined

Bignoniaceae

Kigelia moosa Shade tolerant

Celtidaceae

Celtis africana Light demanding

Chrysobalanaceae

Parinari excelsa Not determined

Ebenaceae

Diospyros abyssinica Light demanding

Fabaceae

Newtonia buchananii Shade tolerant

Flacourtiaceae

Dasylepis sp. Shade tolerant

Dovyalis macrocalyx Light demanding

Oncoba spinosa Not determined

Scolopia rhamnophylla Shade tolerant

Guttiferae

Symphonia globulifera Not determined

Loganiaceae

Strychnos mitis Shade tolerant

Malvaceae

Leptonychia mildbraedii Shade tolerant

Meliaceae

Lovoa swynnertonii Not determined

Melianthaceae

Bersama abyssinica Not determined

Moraceae

Antiaris toxicaria Light demanding

Trilepisium madagascariense Shade tolerant

Morus lactea Not determined

Oleaceae

Linociera johnsonii Shade tolerant

Strombosia scheffleri Shade tolerant

(Continued)

Table 1. (Continued )

Species Functional group

Pittosporaceae

Pittosporum mannii Not determined

Rubiaceae

Coffea eugenioides Light demanding

Rothmannia urcelliformis Shade tolerant

Vangueria apiculata Shade tolerant

Rutaceae

Clausena anisata Shade tolerant

Citropsis articulata Not determined

Fagaropsis angolensis Light demanding

Teclea nobilis Shade tolerant

Sapindaceae

Aphania senegalensis Shade tolerant

Blighia sp. Light demanding

Lychodiscus cerospermus Shade tolerant

Pancovia turbinata Light demanding

Sapotaceae

Aningeria altissima Shade tolerant

Chrysophyllum sp. Shade tolerant

Mimusops bagshawei Light demanding

Ulmaceae

Chaetacme aristata Light demanding
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of 0 and SD of 1 to improve model convergence. For the model
testing for the effect of elephant dung on plant survival, we only
included treatment but not type of the plant as independent
variable because only a few plants died (23/574) and we did not
have dead plants in all tested conditions.

Results

We did not detect any effect of elephant dung on plant growth. The
full model estimating the effect of the three-way interaction
Treatment:Type:Height2016 on Height2017 was significantly better
than the null model only including Height2016 as a fixed effect
(�6

2 ¼ 15:8;P< 0:05). However, the three-way interaction had
no significant effect on Height2016 (�1

2 ¼ 1:5;P ¼ 0:225).
A further investigation of the effect of elephant dung on plant
growth excluding the three-way interaction (which tested for
plant-size specific growth effects of experimental condition)
revealed that only the interaction Type:Height2016 was significantly
related to Height2017, but not the other two interactions
(Treatment:Type and Treatment:Height2016) (Table 2). Thus, the
only effect found was that light-demanding species were growing
faster than shade-tolerant species.

The addition of elephant dung affected the change in the
number of leaves, but only for shade-tolerant species, and the
direction and the size of this effect was dependent on the initial
number of leaves. The full model estimating the effect of dung
treatment on the change in number of leaves including the
three-way interaction Treatment:Type:Leaves2016 was significantly
better than the null model only comprising Leaves2016 as a fixed
effect (�6

2 ¼ 19:7; P< 0:01). Additional tests showed that the
three-way interaction was significantly related to the number of
leaves in 2017 (Table 3, Model a). We divided the data into two
subsets, one with only shade-tolerant species and the other with
light-demanding species, and ran models on these two data sets.
The results indicated there was only an effect of treatment on num-
ber of leaves with the size and direction of the effect depending on
the initial number of leaves for shade-tolerant (Table 3, model b),
but not for light-demanding species (Table 3, model c).

Shade-tolerant plants treated with elephant dung and only a few
leaves in the first year grew fewer leaves than control plants

(Figure 1). For examples, plants with 10 leaves in the first year were
predicted to have 12.5 leaves in the second year when treated with
elephant dung, but 17.3 leaves when not treated with dung. Plants
with approximately 50 leaves in the first year were predicted to
show, on average, no change in leaf numbers independent of treat-
ment. Plants with about 100 leaves in the first year and treated with
dung were also predicted to show no change in average number of
leaves, however, control plants lost on average 13.5 leaves.

The addition of elephant dung significantly reduced the mortal-
ity of seedlings. Within the control plots 5.9% of the plants
(17/289) died over the duration of the experiment, whereas only
2.1% of the plants treated with elephant dung (6/285) died
(GLMM: estimate of intercept with 95% CIs: −2.92 [−3.98,
−2.19]; estimate of dung treatment with 95% CI: −1.03 [−2.08,
−0.12]; �1

2 ¼ 4:91;P< 0:05) (Figure 2).

Discussion

Elephants eat up to 200 kg d−1 (wet weight, Ruggiero 1992) and
produce about 40 kg d−1 (dry weight) of dung (Rees 1982). In a
single 4-km by 10m transect in Kibale, we encounter up to 47 fresh
dung samples. Thus, through their foraging, nutrients that would
be inaccessible for plants for years, quickly become available for
use. Despite depositing large amounts of dung and counter to what
we predicted, our results suggest its effect on seedlings is small and
limited to an improved leaf growth for plants with already a large
number of leaves.

There are a number of possible explanations for these findings.
It could be that the increased N and P provided by the elephant
dung are not needed by the plants (i.e. they are not nutrient lim-
ited). We view this as unlikely as the soils in the area are lixic fer-
ralsols which are from geologically old parent materials and low in
fertility and nutrients (Majaliwa et al. 2010, Rode et al. 2003, 2006).
In addition, seedlings receiving the nutrients found in red colobus
(Piliocolobus tephrosceles) dung did show a positive growth effect
(Kalbitzer et al. 2019). Since we do not know the nutrient content
of forest elephant dung, it is possible that the nutrients did not
increase sufficiently to enhance growth, but given the amount of
dung added, we think that this is unlikely as well. Possibly, the
effects of nutrient addition might take longer than 1 y to detect.

Table 2. Results of a linear mixed model investigating the effects of elephant dung treatment and plant type on plant growth from 2016 to 2017 in Kibale National
Park, Uganda. The dependent variable was Height2017, and the independent variables included Height2016, Treatment (with the two levels ‘control condition’ and
‘elephant dung condition’), Type (with the two levels light-demanding species and shade-tolerant species), and the three potential interactions between these
variables. Height2017 and Height2016 were cube-root transformed before running the model. Additionally, standardized z-scores were calculated for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Height2016

3
p

(original mean ± SD of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Height2016

3
p ¼ 3:91� 0:424

ffiffiffiffiffiffiffi
cm3

p
). The 95% confidence intervals (CI) were calculated using the function confint.merMod (from the lme4

package) using the profile method

95% CI

Term Estimate Low High �2
1 P value

(Intercept) 4.032 3.975 4.090 - -

Treatment (Elephant) 0.023 −0.046 0.092 - -*

Type (Shade) 0.069 0.009 0.131 - -*

Height2016 0.450 0.411 0.488 - -*

Treatment (Elephant):Type (Shade) −0.049 −0.128 0.030 1.48 0.223

Treatment (Elephant):Height2016 −0.019 −0.052 0.015 1.20 0.274

Type (Shade):Height2016 −0.058 −0.097 −0.016 6.61 0.010

*The P-values for thesemain effects are not reported because the interaction comprising this term is included in themodel. Therefore, such P-values have only a limited interpretability and they
are also not possible to calculate with a likelihood ratio test.
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Studies of N and P enrichment to soils found an effect of plant
growth in some systems, but the effect was not evident within a
single growing season (Hatch et al. 2000). It is also possible that

the amount of dung added to the experimental plots over-fertilized
the seedlings causing damage, which could explain the smaller
increase in number of leaves for dung-treated plants with few

Table 3. Results of a linear mixed model with Leaves2017 as the response variable from a field experiment conducted in Kibale National Park, Uganda. The dependent
variable Treatment had the two levels ‘control condition’ and ‘elephant dung condition’. The variable Type had the two levels light-demanding species and shade-
tolerant species. Leaves2017 and Leaves2016 were cube-root transformed before running themodel. Additionally, standardized z-scores were calculated for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves20163

p
(original means ± SD of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves20163

p
: model a ¼ 3:02� 0:758

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves3

p
; model b ¼ 3:10� 0:677

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves3

p
; model c ¼ 2:74� 0:934

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves3

p
). The 95% confidence

intervals (CI) were calculated using the function confint.merMod (from the lme4 package) using the profile method

95% CI

Model Term Estimate Low High X21 P-value

Full data set (Intercept) 3.452 3.256 3.651 - -

Treatment (Elephant) −0.287 −0.488 −0.085 - -*

Type (Shade) −0.229 −0.479 0.006 - -*

Height2016 0.801 0.636 0.933 - -*

Treatment (Elephant): Type (Shade) 0.191 −0.034 0.418 - -*

Treatment (Elephant): Height2016 −0.123 −0.287 0.041 - -*

Type (Shade):Height2016 −0.241 −0.386 −0.044 - -*

Treatment (Elephant): Type (Shade): Height2016 0.272 0.072 0.473 6.68 <0.01

Shade-tolerant species (Intercept) 3.273 3.093 3.438 - -

Treatment (Elephant) −0.081 −0.183 0.021 - -*

Height2016 0.497 0.399 0.600 - -*

Treatment (Elephant): Height2016 0.136 0.033 0.238 6.65 <0.01

Light-demanding species (Intercept) 3.170 2.986 3.360 - -

Treatment (Elephant) −0.269 −0.459 −0.078 - -

Height2016 1.035 0.797 1.243 - -

Treatment (Elephant): Height2016 −0.115 −0.330 0.101 1.11 0.291

*See caption of Table 1 for an explanation.

Figure 1. Changes in the number of leaves depending on the treatment and initial number of leaves for light-demanding plant species (a) and shade-tolerant plant species
(b); based on an experiment in Kibale National Park, Uganda. The solid (control) and dashed (elephant dung treatment) lines illustrate the predictions for Leaves2017 from amodel
in Table 2. The dotted lines depict the bootstrapped 95% confidence intervals (n = 1000 bootstraps). The model was calculated with cube-root transformed Leaves2017 and
Leaves2016 values, and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Leaves20163

p
was scaled to a mean of 0 and SD of 1. However, to improve the interpretability of the plot Leaves2016 and Leaves2017 are shown on its original

scale. Furthermore, five data points withmore than 100 leaves in 2016 were excluded from the plot, three of which were for light-demanding species (Leaves2016 = 113, 152 and 274,
and Leaves2017 = 225, 172 and 282, respectively) and two for shade-tolerant species (Leaves2016 = 106, 111, Leaves2017 = 192, 106, respectively).
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leaves in the first year. Excessive manure application can cause
problems, such as plant toxicity due to high salt content (Meek
et al. 1974). However, given the low N and P content of dung
relative to levels of fertilizer that farmers use, this seems unlikely
as well. Furthermore, the survival of plants was higher in the plot
receiving elephant dung relative to the control, reinforcing the fact
that the area was not over-fertilized. It is also possible that these
species were not nutrient limited, but light limited (Augspurger
1984, King 1994), this possibility will require further study
where light levels are measured and preferably experimentally
manipulated.

Poulsen et al. (2018) speculated that the loss of elephants would
shift the composition of African forests to slow-growing tree
species, because nitrogen supplementation has been proposed
to shift community composition toward early-successional,
fast-growing species (Tilman & Lehman 2001). This speculation
is supported by the observation that understorey species have a
greater growth response to nitrogen addition when there is an

increase in light availability (Thompson et al. 1988), such as gaps
often created by elephants opening up the vegetation (Poulsen et al.
2018). Our finding that shade-tolerant plants with a higher number
of leaves and the addition of elephant dung fared better than
control plants provides evidence in contradiction to the specula-
tion of Poulsen et al. (2018). However, because our effect was
relatively small it is clear that more research needs to be conducted
on a larger scale, including more frequent applications of dung,
observations over several years and the analysis of nutrients in
the soil.

Forest elephant populations are being decimated across much
of Central Africa (Maisels et al. 2013, Poulsen et al. 2017), while in
a few protected forested areas, like Kibale, where they are likely
seeking refuge, their numbers are increasing rapidly (Omeja
et al. 2014). It is therefore critical that the scientific community
provides information on their role in forest ecosystems as
they are a clear example of ecosystem engineers (Chapman
et al. 2013, Crain & Bertness 2006, Wright & Jones 2006). A next

(c) (d)

(a) (b)

Figure 2. Observed change in height and number of leaves between 2016 and 2017 per species and treatment. Changes in the number of leaves in the control (a) and elephant
dung treatment (b) condition, and changes in height in the control (c) and elephant dung treatment (d) condition. The y-axis for the number of leaves in (a) and (b) was log-
transformed to improve the interpretability of the plot. Full species names are provided in Table 1.
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important step will be to more fully understand their role within
forest ecosystems and how their density in different forests
influences plant community dynamics, thus influencing forest
regeneration and the population size of animals that depend on
these tropical forests.
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